Abstract. Prolonged use of glucocorticoids (GCs) for the treatment of chronic inflammatory and autoimmune diseases commonly exerts various side-effects, including impairment of skeletal development. However, the effect of GCs on chondrocytes, which play a key role in skeletal development, has been rarely reported. In the present study, autophagy was induced in the ATDC5 chondrocyte cell line following treatment with dexamethasone (Dex) at doses of 1-100 µM, and that this effect can be inhibited by RU486, a GC antagonist. Autophagy induced by the highest Dex dose (100 µM) was associated with a reduction in ATDC5 cell viability. We conclude that high doses of GC can reduce ATDC5 chondrocyte cell viability by inducing autophagy.
Introduction
Glucocorticoids (GCs) are widely used in the local or systemic treatment of chronic inflammatory or autoimmune diseases, and of orthopedic disorders. Prolonged treatment with GCs has various side-effects, including water, salt and in general, metabolic disorders, and impairment of skeletal development (1) (2) (3) . Administration of GCs leads to a reduction in bone mineral density (BMD), decreased generation of osteoblasts and osteocytes and prolonged lifespan of osteoclasts, with fractures occurring in 30-50% of patients chronically treated with GCs (1) . Recent studies have demonstrated that GCs can induce apoptosis and autophagy in osteocytes (4) (5) (6) . The influence of GCs has been rarely reported on chondrocytes, which play a key role in skeletal development. Sporadic studies have reported GC effects on the apoptosis and differentiation of chondrocytes (7, 8) . Autophagy is a lysosomal degradation process that is essential for cell growth, survival, differentiation, development and homeostasis (9) . It is closely regulated that helps to maintain a balance between synthesis, as well as degradation and subsequent recycling of cell products. It is currently unknown whether autophagy occurs in chondrocytes following GC treatment.
In this study, we examined autophagy upon GC treatment in the ATDC5 chondrocyte cell line, and further evaluated the role of autophagy on cell viability. Our findings highlight autophagy as an important mechanism induced by GCs and potentially promoting a reduction in chondrocyte cell viability.
Materials and methods
Reagents and antibodies. Dexamethasone (Dex), RU486, rapamycin, 3-methyladenine (3-MA) and polyclonal antibodies for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and microtubule-associated protein 1-light chain 3 (MAP1-LC3) were purchased form Sigma-Aldrich (St. Louis, MO, USA). The polyclonal antibody targeting beclin 1 was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). The fusion of the coding sequence of MAP1-LC3 with that of GFP was synthesized and cloned into the pcDNA3.1 + vector, to construct the GFP-LC3-expressing plasmid.
Cell culture. The ATDC5 chondrocyte line (Sigma-Aldrich) was cultured in a 1:1 mixture of Dulbecco's modified Eagle's medium (DMEM): Ham's F12, supplemented with 2 mM glutamine and 5% fetal bovine serum (FBS). We mixed sub-confluent cultures (70-80%) with trypsin or trypsin/EDTA at a 1:4 ratio; the cells were incubated at 37˚C in a humidified 5% CO 2 incubator.
Assessment of autophagy with LC3 analysis and electron microscopy. Autophagy was assessed in ATDC5 cells using the GFP-LC3 construct and confocal microscopy analyses. ATDC5 cells grown to 80% confluency were transfected for 24 h with the GFP-LC3-expressing plasmid using Lipofectamine 2000 (Invitrogen Life Technologies, Carlsbad, CA, USA). Following transfection, cells were treated with rapamycin (200 nM), Dex (1, 10 or 100 µM) or RU486 (10 µM) for an additional 24 h and analyzed by fluorescence microscopy (IX71, Olympus, Tokyo, Japan). In two additional test groups, cells were pretreated with Dex (10 µM) and were treated, 2 h later, with 3-MA (100 µM) or RU486 (10 µM) for 24 h before examination under a fluorescent microscope. Electron microscopy was performed to determine 
RNA isolation and reverse transcription-PCR (RT-PCR).
For semi-quantitative analysis of the expression levels of mRNAs coding for beclin 1 and Atg 7, total RNA (1-5x10 5 cells) was extracted with the RNeasy total RNA kit (Qiagen, Hilden, Germany), and reverse transcription was performed on 1 µg of RNA/sample using the OneStep RT-PCR kit (Qiagen). Primer sequences and conditions are available upon request. Amplifications were conducted on the resulting cDNAs using a LightCycler instrument (Roche Applied Science, Penzberg, Germany). Data were normalized based on the expression of the GAPDH gene.
Protein isolation and western blot analysis.
Whole-cell extracts were prepared by a standard protocol, and proteins were detected by western blot analysis using mouse anti-beclin 1, mouse anti-Atg 7 and rabbit anti-LC3 or GAPDH polyclonal antibodies (Sigma-Aldrich). Anti-mouse or anti-rabbit goat IgG (Pierce Biotechnology, Inc., Rockford, IL, USA) conjugated to horseradish peroxidase were used as the secondary antibody, and the SuperSignal West Femto system (Pierce Biotechnology, Inc., Rockford, IL, USA) was used for enhanced chemiluminescence detection (ECL).
Cell viability assay. Cell viability was determined by the MTT assay. ATDC5 cells were seeded in 96-well plates, and after 24 h, the medium was changed with α-minimum essential medium (MEM) containing 1% FBS, Dex (0, 0.1, 1 or 10 µM) and/or 3-MA (0, 50, 100 or 200 µM). Following incubation for 0, 12, 24 or 48 h, the medium was replaced with 50 µl of 1X MTT solution, and the cells were incubated for 2 h at 37˚C. The MTT solution was then discarded, and 150 µl dimethylsulphoxide (DMSO) was added at room temperature to completely dissolve the precipitate. The optical density of the final solution was measured at 570 nm using a spectrophotometer (Crystaleye; Olympus). Cell viability was expressed as a percentage of viable cells relative to control cells.
Statistical analysis. LC3 dot numbers, expression levels of beclin 1 and Atg 7 and MTT measurements are presented as mean ± SE. Statistical evaluations of differences in the data were analyzed using the Student's t-or -Newman-Keuls test. P<0.05 was considered to indicate statistical significance.
Results

Dex induces autophagy and autophagy-associated protein expression in ATDC5 cells.
Autophagy is characterized by the formation of numerous acidic vesicles known as acidic vesicular organelles (AVOs) (10) . Microphotographs of AVOs were obtained by examining the expression of the GFP-LC3 Ham's F12 medium with 1/10,000 DMSO (Con), 100 nM rapamycin (Rapa) or Dex (1, 10 or 100 µM). Following fixation, the cells were immediately visualized by fluorescence microscopy. The number of punctate GFP-LC3 'dots' in each cell was counted in at least 100 cells/group. The data was normally distributed and was statistically analyzed using the Student-Newman-Keuls test. Horizontal lines denote compared treatments, with P<0.01 considered to indicate significant differences compared to control groups.
vector under the fluorescence microscope. Untreated ATDC5 cells showed limited numbers of AVOs in the cytoplasm. Cells treated with rapamycin (200 nM) or Dex (1, 10 and 100 µM) demonstrated a significant increase in AVOs (Fig. 1) . In addition, it has been reported (11) that the microtubule-associated protein 1-light chain 3 form II (noted here as LC3-II) level increases compared to the LC3-I level during autophagy. To detect the expression of LC3-II, we performed western blot analysis with lysates from ATDC5 cells treated with Dex. The LC3-II/LC3-I expression ratio gradually increased over time in ATDC5 cells treated with Dex ( Fig. 2A and B) . The autophagy protein beclin 1 is part of a type III phosphatidylinositide (PI) 3 kinase complex, required for the formation of autophagic vesicles (12) . In addition, autophagy-related gene (Atg) products, such as Atg 7, play essential roles in autophagy. Fig. 2C-E shows that the expression of beclin 1 and Atg 7 increased postDex treatment, at the mRNA and protein levels. These results indicate that Dex treatment induces autophagy in ATDC5 cells. The ultrastructure of ATDC5 cells treated with or without Dex was examined by electron microscopy (Fig. 2F) . Prominent features of autophagy, i.e., cytoplasmic vacuoles and autolysosomes were observed in the cells treated with Dex.
Dex-induced autophagy is inhibited by the GC antagonist RU486 in ATDC5 cells.
To further confirm the effect of Dex on autophagy, ATDC5 cells were pretreated with 10 µM of the GC antagonist RU486 prior to Dex treatment. Pretreatment with RU486 completely reversed the effect of Dex: microphotographs of the GFP-LC3 reporter vector revealed a decreased number of AVOs in the cells subsequently treated with RU486 or with the autophagy inhibitor 3-MA (Fig. 1) , while beclin 1 and Atg 7 mRNA and protein expression levels were significantly decreased (Fig. 3B-D) . The results confirmed that Dex can induce autophagy in ATDC5 cells.
ATDC5 cell viability decreases due to Dex-induced autophagy.
Dex treatment induced autophagy and increased the expression of autophagy-associated proteins in ATDC5 cells. To further determine the effect of Dex-induced autophagy on cell viability, the MTT assay was conducted in ATDC5 cells. Since Dex was dissolved in 0.5% ethanol in our experiments, we also evaluated the effect of ethanol on cell viability as a control. Fig. 4A shows that no significant difference in cell viability was observed between the cells treated with or without Dex dissolved in 0.5% and 1% ethanol. The ATDC5 cell viability was assayed following treatment with various concentrations of Dex. No significant difference in the viability of ATDC5 cells was detected after treatment with 1 or 10 µM Dex for 24-48 h, while the percentage of viable cells following treatment with 100 µM Dex was significantly decreased compared to cells not treated with Dex ( Fig. 4B and C) . Furthermore, to evaluate whether autophagy is involved in the cell viability reduction induced by Dex, the autophagy inhibitor 3-MA was used. Fig. 4D shows that there was no significant difference in ATDC5 cell viability among groups treated with various doses of 3-MA alone; however, the reduction in cell viability induced by 100 µM Dex was significantly reverted subsequent to treatment with 100 or 200 µM of 3-MA. These results suggest that the viability reduction induced by Dex in ADTC5 cells has been most probably caused by autophagy. 
Discussion
Clinical studies have shown that growth and skeletal development are impaired during treatment with GCs (1-3) . In children, maintenance of growth is a complex process that is affected by a number of distinct mechanisms, such as alterations in growth hormone (GH) secretion and in GH/insulin-like growth factor 1 (IGF-1) sensitivity (3, 13) . Although compensatory growth often follows the cessation of GC therapy, children with systemic chronic inflammatory diseases subjected to long-term GC treatment may have reduced final height (14, 15) . Normalizing height in these children, even with concomitant therapy with high-dose recombinant GH, is not straightforward (16) (17) (18) . Moreover, permanent growth impairment has been reported in children receiving alternate-day GC treatment (19, 20) . It is well known that the growth plate is responsible for longitudinal bone growth (21) . Decreased growth is accompanied by morphological changes in the growth plate in that it becomes thinner (2, 22) , an effect attributed to decreased proliferation of the chondrocytes (22, 23) . Detailed studies on this process have revealed that decreased proliferation (22) (23) (24) and increased apoptosis (25, 26) of epiphyseal chondrocytes contribute to the thinner cartilage.
Autophagy is an intracellular lysosomal (vacuolar) degradation process that is characterized by the formation of double-membrane vesicles in cytoplasm. Since autophagy is involved in cell growth, survival, development and death, the levels of autophagy need to be closely regulated to maintain a balance between synthesis and degradation, and subsequent recycling, of cellular products (27) . Autophagy has been proposed to be a 'double-edged sword': it can protect the cells from apoptosis by removing oxidatively damaged organelles, but excess autophagy can destroy cellular components. Autophagy can therefore preserve viability, but also act as a self-destructive process that leads to cell death (28). In this study, we detected increased autophagic activity in ATDC5 chondrocytes induced by Dex. Several approaches were adopted to examine autophagy, including counting of fluorescent GFP-LC3 dots, electron microscope imaging and quantification of the relative mRNA and protein expression levels of autophagy-associated molecules. A significant increase in the autophagy-specific AVOs was observed in rapamycin-treated (200 nM) cells or cells treated with 1, 10 or 100 µM Dex (Fig. 1) ; the fact that no significant differences in the number of AVOs were found among cells treated with different Dex doses (Fig. 1) may be due to the limits of the used detection method. Alternatively, the time point chosen for examining AVO formation, i.e., 24 h post-transfection of cells with the GFP-LC3 report vector, may not be the most suitable to discriminate differences among groups. Analyses of the levels of autophagy-associated molecules further confirmed that autophagy is induced by Dex: the LC3-II/LC3-I protein ratio increased in cells post-Dex treatment; beclin 1 and Atg 7 were also more highly expressed in ATDC5 cells post-Dex treatment, at both the both mRNA and protein levels.
To confirm the role of Dex in autophagy in ATDC5 cells, RU486, which is a GC antagonist, was applied to the cells so as to reverse Dex-induced autophagy. As expected, RU486 reduced the Dex-induced autophagy induction (Fig. 1) , and the same effect was observed for treatment with the autophagy inhibitor 3-MA. The reversal in autophagy caused by RU486 was confirmed by the reduction in the expression of autophagy-associated molecules (Fig. 3) . Taken together, Dex induces autophagy in ATDC5 cells in vitro.
Autophagy was induced in ATDC5 cells by the three doses of Dex tested here, but cell viability was not evenly affected by these doses. Doses of 1 or 10 µM Dex appeared to ameliorate, and not reduce, cell viability, although no significant difference was observed compared to the control cells. The 'double-edged sword' feature of the autophagic process was clearly demonstrated by applying the higher dose of Dex: 100 µM Dex significantly inhibited ATDC5 cell viability (Fig. 4) , and this effect could be reversed by 3-MA. The autophagy induced by the high dose of Dex may thus be sufficient to destroy cellular components, promoting a self-destructive process that eventually leads to cell death. Therefore, autophagy may constitute a novel mechanism involved in the decreased proliferation of chondrocytes following sustained treatment with high GC doses.
In summary, results from this study suggest that GCs can induce autophagy in ATDC5 chondrocytes. In low doses, GCs can exert protective effects, but high doses of GC can induce excess autophagy and reduce cell viability.
